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Probing Mechanical Properties of Water-Crude Oil Interfaces and Colloidal 
Interactions of Petroleum Emulsions using Atomic Force Microscopy 
Natalie P. Kuznicki, David Harbottle,Á Jacob H. Masliyah, Zhenghe Xu* 
Department of Chemical and Materials Engineering, University of Alberta, Edmonton, Canada 
ÁSchool of Chemical and Process Engineering, University of Leeds, Leeds, UK 
ABSTRACT 
Atomic force microscopy (AFM) is frequently used to elucidate complex interactions in 
emulsion systems. However, comparing UHVXOWVREWDLQHGZLWK³PRGHO´SODQDUVXUIDFHVWRFXUYHG
emulsion interfaces often proves unreliable, since droplet curvature can affect adsorption and 
arrangement of surface-active species, while droplet deformation affects the net interaction force. 
In the current study, AFM was utilized to study the interactions between a colloidal probe and 
water droplet. Force magnitude and water droplet deformation were measured in asphaltene and 
bitumen solutions of different concentrations at various droplet aging times. Interfacial stiffening 
and an increase in particle-droplet adhesion force were observed upon droplet aging in bitumen 
solution. As reported in our previous study (Kuznicki, N. P.; Harbottle, D.; Masliyah, J.; Xu, Z. 
Dynamic Interactions between a Silica Sphere and Deformable Interfaces in Organic Solvents 
Studied by Atomic Force Microscopy. Langmuir 2016, 32 (38), 9797í9806), a viscoelasticity 
parameter should be included in the high force Stokes-Reynolds-Young-Laplace (SRYL) 
equations to account for the interfacial stiffening and non-Laplacian response of the water 
droplet at longer aging times. However, following the addition of a biodegradable demulsifier, 
ethyl cellulose (EC), an immediate reduction in both the particle-droplet adhesion force and the 
rigidity of the water droplet occurred. Following EC addition, the interface reverted back to a 
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Laplacian response and droplet deformation was once again accurately predicted by the classical 
SRYL model. These changes in both droplet deformation and particle-droplet adhesion, tracked 
by AFM, imply a rapid asphaltene/bitumen film displacement by EC molecules. The colloidal 
probe technique provides a convenient way to quantify forces at deformable oil/water interfaces 
and characterize the in-situ effectiveness of competing surface active species.   
INTRODUCTION 
Stable water-in-crude oil emulsions pose a challenge in the petroleum industry. Small water 
droplets and solids, a few microns in diameter, cannot be completely removed during surface 
processing and thus migrate downstream, accelerating corrosion and equipment malfunctions 
which can lead to production losses.1-3 These fine water droplets are stabilized by a layer of 
hydrocarbons and do not coalesce, even under applied load. The main hydrocarbon fraction 
responsible for the high emulsion stability is believed to be asphaltenes, the most problematic 
surface-active component in crude oils.4 Asphaltenes are defined as a fraction of crude oil which 
is soluble in toluene and insoluble in n-heptane.1 Steric stabilization from the interfacial 
asphaltene layers and non-uniform drainage of the intervening liquid films, as water droplets are 
pressed together, lead to enhanced emulsion stability.5-7 The strongly elastic interfacial layers act 
as a mechanical barrier between water droplets and must be deformed beyond the shear yield 
strength to initiate droplet coalescence.4,5,7,8 Although other bitumen components such as resins 
and naphthenic acids cannot stabilize water-in-oil emulsions alone, they interact with asphaltenes 
to enhance emulsion stability.9,10 Asphaltenes are also known to change the surface properties of 
hydrophilic solids (clays), making them bi-wettable and enhancing their potential to partition at 
the oil-water interface.11-13 Solids of intermediate hydrophobicity (water contact angles close to 
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90º) and in the size range of 0.22 - ȝPwere shown to most effectively stabilize water-in-oil 
emulsions.14  
Demulsifier chemical additives are commonly added to crude oil to enhance the separation of 
water-in-oil emulsions.15 Gradual accumulation of demulsifier molecules at the interface 
weakens the protective layer surrounding emulsified droplets. Once a sufficient concentration of 
demulsifier molecules at the interface is reached, water droplet flocculation and/or coalescence 
occurs upon contact.16 Previous studies reported a biodegradable polymer, ethyl cellulose (EC), 
effectively used as a demulsifier for water-in-diluted bitumen emulsions. Dosing emulsions with 
EC increased the flocculation-enhanced coalescence of water droplets through displacement of 
the protective interfacial layer.11,16,17  
Methods such as bottle tests and/or measurements of water content in oil (titration) are frequently 
used to determine the stability of emulsions. However, a much deeper understanding of emulsion 
stabilization mechanisms can be derived from studying the mechanical properties of the oil-water 
interfacial layer under compression and shear.18-20 Shear rheology, a relatively new experimental 
technique,20-22 is sensitive to layer growth and structural changes at the interface, whereas 
dilatational rheology highlights the interfacial coverage of surface active species and provides 
insights into dynamic changes of interfacial properties.18 However, a direct link between 
experimental results and emulsion stability of ³UHDO´SURFHVVV\VWHPVZKHUHHPXOVLILHGGURSOHWV
collide randomly due to Brownian motion or under imposed shear, is often difficult to establish. 
Although droplet coalescence promotes the oil-water phase separation, it is often inhibited by the 
presence of asphaltenes at the oil-water interface. These adsorbed species influence the surface 
forces acting between neighboring droplets and affect emulsion stability by controlling the 
drainage rate and collapse of the thin liquid film separating two droplets.23 Measuring the 
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interaction forces as the oil-water interface deforms due to the close proximity of neighboring 
droplets is fundamental to understanding emulsion stabilization mechanisms. 
Atomic force microscopy (AFM) has been previously utilized to investigate forces between solid 
surfaces (clean or coated). The technique has also been used to study deformations of oil-water 
and air-water interfaces and to measure surface forces between droplets or gas bubbles in 
aqueous systems.24 Measurement of forces between a probe and rigid substrate using AFM has 
been well documented, and the separation between the colloidal probe and rigid substrate is 
determined using the slope of constant compliance region, where the force (F) depends linearly 
on piezo displacement. For systems involving a deformable interface, zero separation distance 
becomes more difficult to determine due to the coupling effect of interfacial deformation and 
cantilever bending upon applied force.25-30  
Adsorbed interfacial species can greatly influence interaction forces and also govern the degree 
of droplet deformation under applied load, with the latter greatly influenced by interfacial 
rigidity.31 In the absence of hydrodynamic effects, droplet deformation results from the 
interaction forces exceeding the Laplace pressure.29,32 When droplets are pushed together, instead 
of reducing the separation distance between the droplet interfaces, as in the case of rigid 
substrates, the droplets flatten to increase their effective interaction area, with the distance 
unchanged when the disjoining pressure of the film between the droplets equals the Laplace 
pressure.33  
A theoretical approach has been developed to calculate the forces and deformations for particle-
droplet, particle-bubble, droplet-droplet and bubble-bubble systems by applying the augmented 
Stokes-Reynolds-Young-Laplace (SRYL) equations.29,35 Droplet deformation can be well 
predicted for viscous interfaces where droplet shape is described by the Young-Laplace 
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equation.29,32,35-40 However, there is limited research which considers industrially relevant 
systems, such as water droplets in oil,42 or interfaces with significant elasticity, for which the 
criterion of a Laplacian response no longer holds.43 Our previous study44 explored viscoelastic 
effects encountered in water-in-crude oil emulsion systems. Oil-water interfacial stiffening and 
³VNLQ´ IRUPDWLRQZas observed upon water droplet aging in asphaltene solution, leading to the 
gradual formation of a viscoelastic oil-water interface. Incorporating dilatational elasticity into 
the SRYL equations was shown to accurately describe the deformation of aged water droplets 
under applied load.  
The current research measures the forces of interaction between a silica sphere (D § 8 µm) and 
water droplets (D § 70 µm) in asphaltene- and bitumen-in-toluene solutions. Interaction forces 
and droplet deformations were measured with AFM for aged interfaces, and following 
demulsifier (EC) addition. This approach allows tracking of droplet deformation and forces in-
situ, moving away from bulk and planar studies to industrially-relevant coalescing systems, with 
interfaces exhibiting elasticity. The water-crude oil system provides a unique opportunity to 
study interfaces which are originally viscous-dominant (Laplacian) and develop elasticity over 
time (non-Laplacian), while demulsifier addition reverts the interfacial aging. Tracking of these 
properties with AFM allows one to estimate the effectiveness of various surface active species, 
and the forces required to create and break emulsions.  
MATERIALS AND METHODS 
Materials  
Syncrude Canada Ltd. kindly provided the vacuum distillation feed bitumen. HPLC-grade 
toluene and n-heptane were purchased from Fisher Scientific (Canada). Deionized water with 
0ȍÂcm resistivity was used in all experiments. Silicon wafers from NanoFab (University of 
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Alberta) were used as substrates. Tipless cantilevers for force measurements and silicon nitride 
cantilevers for imaging were purchased from Bruker Scientific (USA)6LOLFDPLFURVSKHUHV'§
8 µm) were purchased from Duke Scientific (USA) and mounted on the cantilevers to form 
colloidal probes. Ethyl cellulose with an ethoxyl content of 48 % and viscosity of 4 cP (EC-4; 
CAS 9004-57-3) was purchased from Sigma Aldrich (Canada).  
Asphaltene Precipitation and Solution Preparation 
The asphaltene precipitation method has been reported in detail elsewhere.45 Bitumen was 
diluted with toluene and centrifuged to remove fine solids. The solvent was then removed 
through evaporation and n-heptane was added to the solids-free bitumen at a ratio of 40:1 by 
weight; the mixture was subsequently agitated on a mechanical shaker for 2 hr. After the 
supernatant was removed from the n-heptane-bitumen mixture, fresh n-heptane was added to 
wash away entrained maltenes in the precipitated asphaltenes.45 The centrifugation-maltenes 
removal process was repeated several times until the supernatant was clear.  
Fresh asphaltene- and bitumen-in-toluene solutions were prepared for each experiment by 
dissolving the required amount of asphaltenes or bitumen in toluene, and sonicating the solution 
for 15 min in an ultrasonic bath. To compare the two systems, bitumen concentration was 
adjusted to produce an equivalent asphaltene concentration, i.e. 0.588 g/L bitumen-in-toluene 
equaled 0.1 g/L asphaltene-in-toluene. The amount of asphaltene in bitumen was determined 
using the standard asphaltene precipitation method previously described by Zhang et al.45 Two 
additional asphaltene concentrations (0.05 and 0.2 g/L) were also considered in this study.   
EC-4 stock solution of 1 g/L was prepared by adding the required amount of EC to toluene and 
sonicating the mixture for 15 min in an ultrasonic bath. The role of EC-4 as an effective 
demulsifier was assessed by dosing EC-4 at 0.13 g/L into asphaltene or bitumen solutions with 
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an immersed water droplet. The dosing concentration was based on previous findings which 
showed effective demulsification of water-in-oil emulsions at 130 ppm (0.13 g/L).16  
Preparation of the Cantilevers and Substrates 
Silica spheres (D § 8 µm) were glued onto the tip of the long wide-beam or short narrow-beam 
AFM cantilever (model NP-O10 (Bruker, USA)) using a two-component epoxy (EP2LV, Master 
Bound, USA). The cantilevers were then placed in a vacuum desiccator for 24 hr and 
subsequently exposed to UV for 1 hr. Cantilever spring constant values were ~ 0.12 N/m for the 
short narrow-beam and ~ 0.22 N/m for the long wide-beam probes. These values did not change 
significantly during force measurements (< 10 %). 
Silicon wafers used as underlying substrates for anchoring water droplets in oil, were exposed to 
piranha solution for 1 hr and then immersed in 1 mM octadecyltrichlorosilane-in-toluene solution 
(OTS; ACROS Organics, Belgium) for 30 s. They were then rinsed with toluene and dried with 
nitrogen, resulting in a contact angle of 45-50° in air. When submerged in solvent, the water 
droplet contact angle increased to 84° in toluene and 86° in asphaltene- and bitumen-in-toluene 
solutions, as shown in the Supporting Information Figure S-1. The intermediate contact angle is 
highly desirable to ensure that the deposited water droplets remained spherical and anchored on 
the substrate during AFM force measurements, although higher contact angle could be achieved 
by increasing the OTS concentration in solvent and/or extending OTS treatment time.  
For force measurements between two water droplets, the underlying substrate was treated with 1 
mM OTS-in-toluene solution for 2 min, resulting in a contact angle of 86° in air and 150° in 
toluene. This resulted in weakly attached water droplets to the substrate in solution and enabled 
easy pick-up of the water droplets by the AFM cantilever for droplet-droplet measurements.  
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Measurement of Contact Angle and Interfacial Tension  
Water droplet contact angles on the solid substrate in air and in solvent, as well as the interfacial 
tension for water/asphaltene solution and water/bitumen solution were measured using a Theta 
Optical Tensiometer T200 (Biolin Scientific, Stockholm, Sweden). The instrument camera was 
calibrated and fresh asphaltene/bitumen solutions prepared for each test. 
Contact angle measurements on treated silicon wafers were conducted either in air or in 
asphaltene- and bitumen-in-toluene solutions. For measurements in air, a water droplet (V §
µL) was deposited on the substrate, with the profile brought into focus and was recorded for 3 
min at 3 fps. The contact angle was determined using the Theta software. For measurements in 
solvent, the substrate was positioned in a quartz cell and a water droplet (V §/ was placed 
on the substrate before gently adding asphaltene or bitumen solution to the quartz cell. The 
contact angle in this case was recorded over 60 min to provide comparison with the AFM study.  
For inteUIDFLDO WHQVLRQ PHDVXUHPHQWV D ZDWHU GURSOHW 9 §  / ZDV JHQHUDWHG IURP D  P/
Hamilton syringe with an 18 gauge needle (Reno, NV). Profiling of the water droplet in either 
asphaltene- or bitumen-in-toluene solution was captured at a rate of 3 fps or higher for 60 min 
and analyzed using the vendor supplied software. The contact angle was recorded to verify the 
stability of the water droplet on the substrate surface in asphaltene-in-toluene or toluene-diluted 
bitumen solutions during the colloidal force measurements.  
Three measurements were conducted per test condition and the variation in the measured values 
was less than 10 %. To measure the effect of demulsifier the EC-4 stock solution was added to 
the quartz cell following the aging of a water droplet in asphaltene or bitumen solutions for 1 hr. 
The interfacial aging time and demulsifier concentration (0.13 g/L) were selected to be consistent 
with the AFM study.  
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Dilatational Elasticity Measurements 
The dilatational viscoelastic complex modulus, E was measured with the pulsating droplet 
module (PD 200) of the Theta Optical Tensiometer T200. During these measurements, a water 
droplet with 9§6 µL was formed at the tip of an 18-gauge needle in asphaltene and bitumen 
solutions and oscillated sinusoidally. The droplet area and interfacial tension changes were 
recorded over time to obtain the viscous and elastic moduli.19,46,47 The droplet volume change 
was set to 10% during the oscillation, with the oscillation frequency of 0.1 Hz. Each reported 
dilatational elasticity consisted of 10 oscillations with a 10 s delay between each subsequent 
measurement. Measurements were carried out in asphaltene-in or bitumen-in toluene solutions 
for 55 min, after which EC-4 was added to the system to a total demulsifier concentration of 0.13 
g/L. 
AFM Force Measurements 
Forces of interaction between a silica sphere and water droplet was measured using the Agilent 
5500 AFM, equipped with a sealed environmental chamber. Deflection sensitivity and spring 
constant values of the cantilevers against the substrate were calculated by the Thermal K 
function before and after force measurements.  
Water (0.5 wt. %) was added to the various asphaltene and bitumen solutions and were sonicated 
for 5 s to form an emulsion which was then injected into the AFM liquid cell. The setpoint for 
the force measurements was set to 0 V, while the piezo displacement was set to 4 µm, with all of 
the measurements obtained room temperature (24 °C). To eliminate the effect of solvent 
evaporation and subsequent changes in asphaltene concentration, interfacial aging was limited to 
1 hr.  
In this study, the following AFM force measurements were conducted:  
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1. Probe-droplet interactions. For probe-GURSOHWIRUFHPHDVXUHPHQWVZDWHUGURSOHWV'§-80 
µm) remained strongly anchored on a partially hydrophobized (86°) substrate in asphaltene or 
bitumen solutions. The water droplets were aged for 15 min before the 8-µm particle was aligned 
over the water droplet and approached at 1 µm/s. The 15-min aging time was selected to 
represent the typical residence time of water droplets in diluted bitumen, as encountered in crude 
oil processing. Following 1 hr aging, EC-4 stock solution was added to the AFM liquid cell (1 
mL total volume) at a net EC concentration of 0.13 g/L. The first force profile following the 
addition of EC-4 was collected at 7 min due to the intricate experimental setup and cantilever 
approach time.  
2. Droplet-droplet interactions. For the droplet-droplet measurements in asphaltene solution, 
the cantilever was first positioned above a fresh water droplet on the hydrophobized substrate 
(150°), and lowered into contact using the same setpoint voltage as for the case of particle-
droplet interaction. For freshly prepared water droplets in asphaltene solution (aging time less 
than 5 min), the droplet readily spreads on the surface of the cantilever. This was achieved by 
holding the cantilever in contact with the droplet for 5 s before retracting the cantilever and 
removing the droplet from the underlying substrate. The droplet (D § 70 µm) was subsequently 
used to measure droplet-droplet interactions in 0.1 g/L asphaltene-in-toluene solution after 15 
min aging. The cantilever approach and retract velocity was fixed at 1 µm/s.  
RESULTS AND DISCUSSION 
Force Interactions between Rigid and Deformable Interfaces 
The geometrical configuration of adsorbed layers on solid surfaces is frequently extrapolated to 
explain interactions in the presence of surface active agents, as encountered in emulsion systems. 
+RZHYHU GLUHFW FRPSDULVRQV EHWZHHQ ³PRGHO´ SODQDU VXUIDFHV DQG ³UHDO´ HPXOVLRQ LQWHUIDFHV
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are difficult to make, since droplet curvature and deformation greatly affect the adsorption and 
displacement of surface-active species.31    
For the crude oil system, AFM was used to compare the forces of interaction between 
asphaltenes adsorbed on solids and those at liquid interfaces (Figure 1). To ensure the 
development of a uniform asphaltene layer the surfaces/interfaces were allowed to age for 15 
min.12  
Case I: Force curves were collected at 15 min following the injection of 0.1 g/L asphaltene-in-
toluene solution between the silica particle and planar substrate (i.e. two rigid surfaces). During 
approach and retraction, short-range steric repulsion and weak adhesion (0.5 nN), with a 
relatively abrupt pull-off was observed (Figure 1(a)). The occurrence of repulsion agrees with 
previously published research, where the swollen asphaltene structure of polyaromatic core and 
aliphatic branches led to steric hindrance in good solvent (toluene).48,49 Interpenetration of the 
aliphatic branches of asphaltenes leads to the observed adhesion between the two asphaltene 
layers. The slope of the constant compliance region is very high at 1457 mN/m (Table 1), as 
expected for interactions between rigid surfaces.  
Case II: 0.1 g/L asphaltene-in-toluene solution was injected into the AFM liquid cell, and the 
forces between a silica particle (D ൎ ȝPand a deformable oil-water interface (water droplet 
with D ൎ  ȝP pinned on the silica substrate) was measured after 15-min interfacial aging. 
During the approach (Figure 1(a)), the slope of the high force constant compliance region is 
much lower (28.9 mN/m) than that for the coated substrates (Case I), indicating a more 
deformable interface. During the retraction (Figure 1b), the net adhesion force between the two 
interacting surfaces is significantly greater than that between two rigid surfaces (2.4 nN versus 
0.5 nN). The increase in adhesion likely results from an increase in the contact area between the 
 12 
two interacting surfaces compounded by a softer oil-water interface, as the solid particle is 
partially engulfed by the deformable interface (see schematic in Figure 1). It should be noted that 
the colloidal silica probe did not break the oil-water interface, as otherwise the laser signal would 
be lost, should the film be ruptured. 
Figure 1. Interactions between various surfaces upon (a) approach (open symbols) and (b) 
retraction (filled symbols) after 15 min aging in 0.1 g/L asphaltene-in-toluene solution. Symbols: 
interactions between (i) coated rigid surfaces; (ii) a silica probe (D § µm) and water droplet (D 
§ µm); (iii) two water droplets of similar size (D §DQG µm). The schematic below the 
experimental data features the different systems far apart (top row) and in close proximity 
(bottom row), demonstrating the likely interfacial deformations.  
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Case III: 0.1 g/L asphaltene-in-toluene solution was injected into the AFM liquid cell prior to 
measuring the forces of interaction between two water droplets. The AFM cantilever with the 
attached water droplet '§ µm) was centered over a second water droplet of similar size '§
80 µm) and interaction forces were measured at 15 min aging. In this case, the slope of the high 
force constant compliance region was 10.6 mN/m; this reduced slope is once again attributed to 
increased deformation in the system (Figure 1(iii)). The presence of a second deformable droplet 
led to a further increase in the adhesion force on retraction (5.4 nN), likely from the increased 
local FRQWDFW DUHD DQG ³IODWWHQLQJ´ RI WKH LQWHUIDFH as droplets are brought together. For the 
various systems considered in this study, it should be noted that the reported adhesion forces in 
Figure 1 (b) and Table 1 represent the total adhesion force, which is influenced by the properties 
of the interacting surfaces, i.e., contact area for deformable droplet-droplet >> solid particle-
substrate.   
Table 1. The adhesion force (Fad) and slope of the constant compliance region (k) from Figure 1. 
 k (mN/m) Fad (nN) 
Coated Rigid Surfaces in Asphaltene Solution (i) 1457 0.5 
Probe-Droplet in Asphaltene Solution (ii) 28.9 2.4 
Droplet-Droplet in Asphaltene Solution (iii) 10.6 5.4 
 
Adhesion forces in Asphaltene- and Bitumen-Stabilized Systems 
A comparison between adhesion forces measured in asphaltene and bitumen solutions is shown 
in Table 2. Interaction forces were measured between a silica colloidal probe and water droplet at 
15 min following the injection of the test solution. Asphaltene concentration was varied between 
0.05 and 0.2 g/L, with the corresponding bitumen concentration equal to 0.284 and 1.117 g/L, 
respectively. Using AFM to study equivalent asphaltene concentrations in toluene and bitumen 
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allows us to directly compare in-situ the forces acting between interfaces stabilized by 
asphaltenes and other interfacially active components in bitumen, such as resins and naphthenic 
acids.9,10 
Table 2. Adhesion force (Fad) between a silica probe (D §ȝPDQGZDWHUGURSOHW '§-80 
µm) in asphaltene and bitumen solutions of equivalent asphaltene concentrations after 15 min 
aging. Cantilever velocity  ȝPV 
Asph. Conc. 
(g/L) 
Adhesion Force 
Fad (nN) 
Bit. Conc. 
(g/L) 
Adhesion Force 
Fad (nN) 
0.05 3.2 ± 0.6 0.284 3.8 ± 0.6 
0.1 3.3 ± 0.6 0.588 3.6 ± 0.6 
0.2 4.1 ± 0.8 1.117 4.7 ± 0.9 
 
The force of adhesion between the silica particle and water droplet was shown to be in the range 
of 3.2 - 4.1 nN and 3.8 - 4.7 nN for asphaltene and bitumen solutions, respectively. While the 
increasing average adhesion force is mostly attributed to the changes in asphaltene concentration, 
it is worth noting that the average adhesion forces measured in bitumen solutions are consistently 
greater than those measured in asphaltene solutions. However, we acknowledge that the adhesion 
force magnitude for the asphaltene and corresponding bitumen cases is statistically within the 
experimental error. Although asphaltenes are expected to be the dominant interfacial 
component,6,7 the presence of other indigenous species in bitumen may contribute to the overall 
adhesion between the two interacting interfaces.50 
7KH ³MXPS-in´ adhesion force at the highest asphaltene concentration may be justified by the 
increased interpenetration of voluminous asphaltene layers. At high asphaltene concentrations, 
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previous research using surface forces apparatus (SFA) showed that the asphaltene layer 
thickness increases more rapidly, forming thick (multi-layer) interfacial layers which exhibit 
significant compressibility under normal force (i.e. soft, voluminous layers). Increased layer 
compressibility contributes to higher adhesion forces due to increased interpenetration and 
contact area between asphaltene layers.48,51 
The force measurements presented in the current study were conducted at a fixed slow cantilever 
velocLW\RIȝPV. At this low velocity the force during cantilever retraction represents a true 
measure of the adhesion force resulting from interpenetration of the adsorbed layers, as shown 
by jump-off during retraction. The effect of hydrodynamics on the force interaction is shown in 
the Supporting Information, Figure S-2, showing a K\GURG\QDPLFVXFWLRQDWYHORFLWLHVRIȝPV
or higher. 
The Effect of Interfacial Aging and Demulsifier Addition  
Water-oil interfaces have been shown to age as surface active species such as asphaltenes, fine 
particles, and surfactants partition at the liquid-liquid interface to form an interfacial layer in 
crude oil systems.4,8,20 The dominant interfacially active species in bitumen are asphaltenes, as 
inferred from Table 2 and from other studies.1-7,9,10 Asphaltene layers have been shown to exhibit 
time-dependent elasticity, similar to proteins and other surface active species,52 which with 
increased aging time result in a stable (solid-like) interfacial layer that can resist yielding.7 The 
rheological properties of the interfacial layer, more specifically the elastic modulus, has been 
shown to correlate to emulsion stability.53  
Our previous study demonstrated LQWHUIDFLDO ³VWLIIHQLQJ´ XSRQ DJLQJ RI D ZDWHU GURSOHW LQ
asphaltene solution, and non-Laplacian behavior of the interface was highlighted by interfacial 
buckling upon droplet volume reduction.44 The same phenomena of interfacial stiffening for a 
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water droplet in bitumen solution is shown in the inset of Figure 2. For 0.588 g/L bitumen-in-
toluene the slope of the constant compliance region after 15 min aging is 32 mN/m and increases 
to 45 mN/m after 1 hr aging, comparable to the results for the asphaltene systems previously 
reported.44 The increasing slope of constant compliance region in bitumen solution is also 
attributed to an increase in the interfacial dilatational elasticity (Figure 3(a)), since the change in 
water-bitumen interfacial tension, shown in Figure 3(b), between 15 and 60 min cannot 
adequately describe the measured changes in the slope of the constant compliance region. 
To reduce the stiffness of the interfacial layer, amphiphilic demulsifier molecules are typically 
dosed at the ppm level in the organic phase to disrupt the interfacial network. The interaction 
forces between the silica probe ('§ µm) and water droplet ('§60 ± 70 µm) aged in 0.1 g/L 
asphaltene- and 0.588 g/L bitumen-in-toluene solutions for 1 hr and subsequently dosed with 
0.13 g/L EC-4 are shown in Figure 2.  
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Figure 2. Forces of interaction between silica probe ('§P) and water droplet ('§60 ± 70 
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µm) in 0.1 g/L asphaltene-in-toluene at 1 hr aging and following the addition of 0.13 g/L EC-4. 
Cantilever approach and retraction force curves represented by the open and filled symbols, 
respectively. 7KHFDQWLOHYHUYHORFLW\UHPDLQHGIL[HGDWȝPV ,QVHWIRUFHSURILOHVIRUDZDWHU
droplet in 0.588 g/L bitumen-in-toluene solution ('§ µm) prior to and after EC-4 addition.  
Firstly, considering the asphaltene system, the slope of the constant compliance region following 
1 hr aging and in the absence of EC-4 is 41 mN/m, and the associated adhesion force between 
the particle and water droplet is 5.6 nN. Upon addition of EC-4, the slope of the constant 
compliance region and the particle-water droplet adhesion force continually decreases with 
demulsification time. Unfortunately, due to the complexity of the current measurement 
technique, we were unable to collect data within the first several minutes after demulsifier 
addition, as the demulsifier was added manually to the solution and the probe had to be re-
aligned before it slowly approached the water droplet for the intended colloidal force 
measurements.   
The time delay led to a significant reduction in the slope of constant compliance with k = 18.5 
mN/m and 18.2 mN/m at 7 and 8 min demulsification time, respectively. While gradual 
softening of the interfacial layer is clearly measured at longer demulsification times, the 
significant reduction in the slope of constant compliance within the first 7 min indicates that the 
demulsification process is rather rapid. To study the competitive adsorption of EC-4 at the oil-
water interface, the interfacial tension of a water droplet in asphaltene solution was measured, as 
shown in Figure 3(b).  During the first hour of aging the interfacial tension reduced from 32 
mN/m to 25 mN/m, confirming asphaltene adsorption, which has been shown to be a diffusion-
limited process at short aging times.48 At 1 hr interfacial aging, EC-4 was dosed to the asphaltene 
solution at a concentration of 0.13 g/L, and the interfacial tension was continuously measured. 
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The oil-water interfacial tension reduced to 12 mN/m in less than one minute, and further 
reduced by 2 mN/m in the next 15 min. The HLB of EC-4 is estimated to be 8, which is within 
the HLB range required for breaking water-in-oil emulsions.11 The initial rapid reduction in 
interfacial tension following EC-4 addition confirms the competition of EC-4 molecules for 
available surface sites at the oil-water interface, followed by a slower secondary dynamic process 
which is most likely related to the relaxation/reorganization of the asphaltenes-EC composite 
film. This slower secondary dynamic process corresponds to the softening of the oil-water 
interface at longer demulsification times, as measured using the AFM technique (Figure 2). 
It is worth noting that after 15 min demulsification time, the oil-water interfacial tension is 
almost equivalent to the equilibrium EC-4 only solution in toluene (IT = 9.5 mN/m), confirming 
significant displacement of the pre-formed asphaltene layer. While interfacial tension 
measurements are useful to study the competitive adsorption of surface active molecules, the 
reduction in oil-water interfacial tension alone is not always a suitable indicator for 
demulsification, and rather an approach to track the mechanical properties of the interfacial layer, 
for example using AFM, is favored. Overall, the AFM results show a reduction in the mechanical 
stiffness of the interfacial layer following the addition of EC-4 demulsifier. These findings are 
consistent with interfacial rheology measurements conducted at an asphaltene-stabilized planar 
oil-water interface, which report a diminished elasticity upon demulsifier addition.15,54 Similar 
findings are also observed with dilatational rheology (Figure 3(a)), where the elastic modulus of 
a droplet in asphaltene solution increases to 16 mN/m after ~1 hr aging and diminishes to 2 
mN/m immediately following EC-4 addition. 
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Figure 3. Time-dependent (a) dilatational elasticity and (b) interfacial tension (IT) of water 
droplets in 0.1 g/L asphaltene- and 0.588 g/L bitumen-in-toluene solutions. EC-4 was added as 
indicated by the arrows to a total demulsifier concentration of 0.13 g/L. The dashed lines 
represent the steady-state dilatational elasticity and IT values of a water droplet in 0.13 g/L EC-
4-in-toluene solution. 
A similar effect of interfacial layer softening was observed for the bitumen system. It is worth 
noting that the interfacial tensions for the asphaltene and bitumen systems almost overlap (likely 
indicating asphaltenes to be the dominant interfacial component), and show a similar reduction in 
the interfacial tension following EC-4 addition (Figure 3(b)). Dilatational rheology (Figure 3(a)) 
also shows comparable data for asphaltene and bitumen V\VWHPVDVDGURSOHW³VWLIIHQV´RYHUWLPH 
(¶ = 18 mN/m after ~1 hr droplet aging). As EC-4 was dosed into the bitumen solution and the 
slope of constant compliance decreased from 45 mN/m to 17.9 mN/m (demulsification time = 10 
min), the droplet elasticity also decreased to 2 mN/m (Figure 3(a)). The adhesion force between 
silica particle and water droplet was shown to reduce with increasing demulsification time. The 
reduction in adhesion force upon addition of EC confirms the rearrangement of the molecules at 
the interface and the likely formation of fractures in the network. Previous work FRQILUPHG(&¶V 
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ability to flocculate water droplets at low concentrations. At high concentrations, however, EC 
addition promotes droplet coalescence, which would only occur upon rearrangement and/or 
³EUHDNLQJ´ RI WKH original stabilizing interfacial network.16 The main mechanism of 
demulsification using EC-4 has been shown to be droplet-droplet coalescence after its adsorption 
at the oil-water interface.11,54 
EC-4 has also been shown to reduce the thickness of the asphaltene/ bitumen interfacial film and 
irreversibly displace the asphaltenes/ bitumen from the interface.17 With the addition of EC-4, the 
interfacial properties of the stabilized water droplet, specifically the chemical composition of the 
interfacial layer (asphaltenes + EC-4 molecules), become adequately modified such that the 
silica probe was engulfed by the water droplet during cantilever approach. The critical 
demulsification time at which the silica particle would break the oil-water interface was 10 min 
and 12 min in asphaltene and bitumen solutions, respectively.  Engulfment of the colloidal probe 
in the water droplet was easily identified by a loss of the laser signal.  It is interesting to note that 
force measurements could not be conducted in EC-RQO\ VROXWLRQ DQG LQ ³SXUH´ WROXHQH DV WKH
probe was engulfed into the droplet immediately. Therefore, at the critical demulsification time 
for water in asphaltene-in-toluene or diluted bitumen emulsions, not only has the film softened 
significantly, but the uniform asphaltene/bitumen network has been sufficiently displaced, as 
shown in our earlier studies with AFM12 and BAM.15 Such changes in the interfacial property 
lead to the observed particle immersion in the water droplet. With negligible electrical double 
layer force in organic solutions, the overall interaction force is attributed to the contributions 
from steric and van der Waals forces.   
To ensure that the measured changes in the slope of constant compliance result from changes to 
the interfacial layer mechanical properties, the colloidal probe and water droplet were 
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individually assessed in the different solvent environments. Hydrophilic silica was exposed to 
asphaltene and bitumen solutions, and subsequently to EC-4, to represent changes to the surface 
properties of the colloidal probes. AFM topographical images of the substrates, given in the 
Supporting Information (Figure S-3 and Table S-1), show no significant change in aggregate 
height and roughness with increasing asphaltene/ bitumen concentration after demulsifier 
addition. Therefore, the changes in force and droplet deformation, as observed in Figure 2, are 
due to the changes in the structure and composition of the oil-water interfacial layer.  
To further understand the mechanisms of droplet deformation, the high force SRYL model was 
applied to predict water droplet deformation in asphaltene solution upon aging and after 
demulsifier addition (Figure 4). The widely used high force SRYL equations with a pinned 
contact line boundary condition, developed for viscous Laplacian interfaces are given by:29,32,33 
 ?ሺሻ ؠ ୊ሺ୲ሻସ஠஢ ቂ ቀ୊ሺ୲ሻୖౚ౩଼஠஢ୖ౥మ ቁ ൅  ?ሺɅሻ െ ସ஠஢୏ െ  ?ቃ    ሺɅሻ ൌ  ? ൅ଵଶ  ቂଵାୡ୭ୱሺ஘ሻଵିୡ୭ୱሺ஘ሻቃ ୢୱ ؠ ଵቂ భ౎౥ା భ౎౩ቃ 
ZKHUH ¨' LV WKH SUHGLFWHG GLVSODFHPHQW )W LV WKH PHDVXUHG IRUFH 5o is the radius of the 
unperturbed droplet and Rs is that of the spherical probeșis the contact angle of the droplet on 
WKHVXEVWUDWHıLVWKHLQWHUIDFLDOWHQVLRQ, and K is the spring constant of the cantilever.  
To predict the deformation of a water droplet, both the contact angle and oil-water interfacial 
tension should be known. The water droplet contact angle in asphaltene solution was measured 
to be 86° and remained independent of droplet aging, indicating a stable film of OTS anchored 
on the substrate as anticipated. However, the oil-water interfacial tension slowly decreased 
during asphaltene adsorption, and rapidly decreased following the addition of EC-4 (Figure 
(1) 
(2) 
(3) 
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3(b)).  It is worth highlighting a negligible change in the water droplet contact angle on the 
substrate following EC-4 addition, as shown in Figure S-1. The addition of EC however caused a 
significant reduction in D?௢Ȁ௪ by 13 mN/m (see Figure 3(b)).  Since the water droplet is first 
placed on the OTS treated substrate before solvent addition, it can be assumed that D?௪Ȁ௦ remains 
fixed. Based on the well-HVWDEOLVKHG <RXQJ¶V HTXDWLRQ D GHFUHDVH LQ D?௢Ȁ௦ by 13 mN/m is 
anticipated to maintain the same ratio of (D?௢Ȁ௦ െ D?௪Ȁ௦) and D?௢Ȁ௪, and hence the same contact 
angle. Our previous research on wettability modification of asphaltene-coated substrates by EC 
addition, showed an exponential decrease in the contact angle from ~86o to ~ 61o ( ?D? ൌ25o 
measured in air by water droplet) in 1 hr,12 indicating an increase in D?௦Ȁ௩ due to displacement of 
the preformed asphaltene layer by competitive adsorption of EC on the solid substrate. Such an 
increase in D?௦Ȁ௩ led to the observed decrease in D?௢Ȁ௦ , and as discussed above, this competitive 
adsorption can counter-balance the reduction of D?௢Ȁ௪ to maintain a constant contact angle D? 
following EC addition.  
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Figure 4. Measured forces (symbols) between a silica probe (D § µm) and water droplet (D §
70 µm) in 0.1 g/L asphaltene-in-toluene solution and after EC-4 addition plotted against SRYL 
model predictions. 
Using the appropriate measured values, Figure 4 shows the discrepancy between the 
experimental data and droplet deformation predicted by the SRYL equations for a water droplet 
aged for 1 hr in 0.1 g/L asphaltene-in-toluene solution. As shown in our previous study,44 the 
change in interfacial tension upon droplet aging (Figure 3(b)) is not sufficient to explain the 
time-dependent ³VWLIIHQLQJ´RI WKH oil-water interface. The elasticity of the oil-water interface, 
measured by dilatational rheology (Figure 3(a)) increased to 17 mN/m after ~1 hr aging, 
confirming the formation of a rigid asphaltene network.44 
To account for this high elasticity contribution, an experimentally measured viscoelasticity 
parameter ı(¶ is included as an extra term inside the brackets of Eqn. 1.  Inclusion of the 
viscoelasticity parameter provides good agreement between experiment and theory when the 
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interfacial elasticity is a significant contribution to the overall interfacial stress. Interestingly, 
following the addition of EC-4, the modified SRYL model provides poor agreement to the 
experimental data. Due to the significant softening of the interfacial layer and a return to a 
Laplacian-like response, the dilatational elasticity is no longer a substantial component of the 
total interfacial stress (~2 mN/m) after EC-4 addition, as shown in Figure 3(a). As a result, the 
experimental data is best fitted using the SRYL equations, as shown in Figure 4. This behavior is 
consistent with a diminishing interfacial elasticity following demulsifier addition,15 which 
correlates with reduced emulsion stability.54  
CONCLUSIONS 
This study considered the interaction forces between a silica probe and water droplet in 
asphaltene- and bitumen-in-toluene solutions. The net force observed in deformable systems was 
an order of magnitude higher than that for coated solid substrates. During the aging of water 
droplets in asphaltene and bitumen solutions, interfacial elasticity significantly contributed to the 
overall deformation of the water droplet under applied load and had to be incorporated into the 
high force Stokes-Reynolds-Young-Laplace equation. However, following the addition of EC-4, 
the slope of the constant compliance region confirmed a significant softening of the interfacial 
layer, and the mechanical response was similDU WR ³IUHVK´ ZDWHU GURSOHWs in the asphaltene 
solution. Under this condition, the slope of the constant compliance region was suitably fitted 
using the SRYL equations. The results from this study highlight the application of AFM to study 
interactions in industrially relevant systems, where droplet deformation has a significant effect 
on emulsion stability, and multiple interfacially active species are present. Utilizing techniques 
that mimic the real systems (emulsions) provides an opportunity to better understand the micro-
scale properties that govern the macro-scale behaviors.  
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